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Structural, elastic and thermal properties of cementite (Fe3C) were studied using a Modified
Embedded Atom Method (MEAM) potential for iron-carbon (Fe–C) alloys. Previously developed
Fe and C single element potentials were used to develop a Fe–C alloy MEAM potential, using a
statistically-based optimization scheme to reproduce structural and elastic properties of cementite,
the interstitial energies of C in bcc Fe as well as heat of formation of Fe–C alloys in L12 and B1
structures. The stability of cementite was investigated by molecular dynamics simulations at high
temperatures. The nine single crystal elastic constants for cementite were obtained by computing
total energies for strained cells. Polycrystalline elastic moduli for cementite were calculated from
the single crystal elastic constants of cementite. The formation energies of (001), (010), and (100)
surfaces of cementite were also calculated. The melting temperature and the variation of specific heat
and volume with respect to temperature were investigated by performing a two-phase (solid/liquid)
molecular dynamics simulation of cementite. The predictions of the potential are in good agreement
with first-principles calculations and experiments.
PACS numbers: 61.50.Lt, 62.20.de, 61.72.jj, 68.35.Md, 71.15.Pd
I. INTRODUCTION
Steel alloys are the most widely used structural materi-
als due to their abundance, all-purpose applicability and
low cost. The main carbide in steel alloys is cementite,
which forms a precipitate. Cementite has a direct impact
on the mechanical, structural, and thermal properties of
steel. Therefore the ability to describe and predict prop-
erties of cementite at the nanoscale is essential in the
study and design of new steels. Atomistic simulation
methods, such as molecular dynamics or Monte Carlo
simulations, offer an efficient and reliable route to in-
vestigate nanoscale mechanics pertaining to cementite in
steel alloys. Each of these methods requires accurate in-
teratomic potentials to find the energy of the system un-
der investigation. However, first-principles calculations–
albeit rigorous and accurate–are incapable of simulating
a large number of atoms required for realistic calcula-
tions due to unreasonable memory and processing-time
requirements. Therefore, semi-empirical potential meth-
ods are being explored as a suitable alternative.
Among the spectrum of semi-empirical formulations,
the Modified Embedded Atom Method (MEAM)1, origi-
nally proposed by Baskes et al., has been shown to accu-
rately predict properties of most crystal structures, such
as bcc, fcc, hcp, and even diatomic gases, in good agree-
ment with experiments or first-principles calculations.
MEAM is extended from the Embedded Atom Method
(EAM)2 to include the directionality of bonds. In the
original MEAM formalism, only the first-nearest neigh-
bor (1NN) interactions were considered.1 Lee and Baskes
later extended the original formalism to include the
screened second-nearest neighbor (2NN) interactions.3
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2Further details of the MEAM formalism can be found
in Ref. 1 and 3.
One of the commonly used 2NN MEAM potentials for
the Fe–C system developed by Byeong-Joo Lee4 is de-
signed to predict the interactions of interstitial C atoms
with defects, such as vacancies. According to Fang et
al.,5 Lee’s potential predicts that cementite is only sta-
ble up to a temperature of 750 K.5 Experimentally, how-
ever, cementite is metastable with a positive heat of
formation6 and only decomposes between 1100 and 1200
K.7,8 Among recent interatomic potentials8–12 for the Fe–
C system, EAM potentials by Lau et al.10 and Ruda et
al.12 and the short ranged Tersoff-Brenner type analyti-
cal bond order potential (ABOP) by Henriksson et al.8
all promise to predict properties of cementite reasonably
well. In the potentials by Lau et al.10 and Ruda et al.,12
however, the single element potential for C does not pre-
dict properties of both graphite and diamond well. This
is due to the limited ability of EAM to describe the bare
C-C interaction correctly.13 We note that a successful in-
teratomic potential for an alloy system should not only
predict the properties of the alloy correctly, but it should
also predict the properties of the individual alloying ele-
ments in their natural crystal structures accurately. The
ABOP by Henriksson et al.8 accurately predicts proper-
ties of cementite as well as Fe and C; however, ABOPs
are not applicable to simulations involving interfaces and
surfaces.14 Furthermore ABOPs are restricted to 1NN in-
teractions only.14,15 Some of the more recent potentials
for the Fe–C system are implemented using in-house de-
veloped molecular dynamics codes, which limits the po-
tentials’ usability by a wide scientific community.
In the present work, we developed a 2NN MEAM po-
tential for the Fe–C alloy system that predicts the struc-
ture and properties of cementite. Our Fe–C alloy poten-
tial is based on previously developed 2NN MEAM poten-
tials for Fe16 and C17 in their pure forms. The C MEAM
potential predicts both diamond and graphite as stable
structures with almost degenerate energies. Using the Fe
and C single element potentials, we arrived at the best
possible parameterization of the alloy potential of Fe–C
for the purposes specified by the objective function which
takes into account the various properties of Fe–C alloys.
II. METHODS
A. MEAM Calculations
For all atomistic simulations described in the present
work, we used MEAM as implemented in LAMMPS,
the classical molecular dynamics simulation code from
Sandia National Laboratories.18,19 To compare the re-
sults of the current potential with published potentials
of Refs. 12 and 8 we used the published data. For an
extensive comparison of all properties of cementite with
Lee’s potential4 we obtained the LAMMPS version of the
potential from the author and conducted our own calcu-
lations using LAMMPS.
B. DFT calculations
Some of the reference data required for potential con-
struction and validation are not readily available from
experiments. With respect to the Fe–C system these
include the heat of formation of Fe–C in the B1 struc-
ture, the heat of formation of Fe–C in the L12 structure
and the interstitial energies of C in the bcc Fe lattice
at octahedral and tetrahedral positions. To obtain these
properties, we performed first-principles calculations us-
ing Density Functional Theory (DFT)20,21 with Projector
Augmented Wave (PAW) pseudopotentials.22 Electron
exchange and correlation were treated with the Gener-
alized Gradient Approximation (GGA) as parameterized
by Perdew et al.23 Brillouin zone sampling was performed
using the Monkhorst-Pack scheme,24 with a Fermi-level
smearing of 0.2 eV applied using the Methfessel-Paxton
method.25 Geometric optimizations were carried out us-
ing the conjugate gradient minimization method.20
III. SINGLE ELEMENT POTENTIALS
The single element MEAM potential parameters used
in the present work are presented in Table I. The param-
eters for Fe are from the MEAM potential developed by
Lee et al.,16 and the parameters for C are from Uddin et
al.17
1. Energy vs. volume curves
FIG. 1. Energy vs. volume curves for Fe in bcc, fcc and
hcp crystal structures. The solid curve is constructed from
experimental values in Table II. For ease of comparison, the
DFT curves are shifted vertically by a constant amount equal
to the difference between experimental and DFT cohesive en-
ergies of Fe in bcc at equilibrium volumes.
3TABLE I. Set of the MEAM potential parameters for pure Fe (by Lee et al.16) and C (by Uddin et al.17). The bcc and diamond
lattices are chosen as the reference structures for Fe and C, respectively. See Ref. 1 and 3 for the meaing of each parameter.
Element Ec re rcut A α a3 ρ0 β
(0) β(1) β(2) β(3) t(0) t(1) t(2) t(3) Cmin Cmax
Fe 4.28 2.469 4.5 0.585 5.027 0.3 1.0 3.8 2.0 0.9 0.0 1.0 −0.8 12.3 2.0 1.9 2.8
C 7.37 1.545 4.5 1.49 4.38 0.0 1.0 4.26 5.0 3.2 3.98 1.0 7.5 1.04 −1.01 0.68 2.0
FIG. 2. Energy vs. nearest neighbor distance curves for C in
diamond and graphite. The solid curve is constructed from
experimental values in Table II. For comparison, the DFT
curve is shifted vertically to the experimental cohesive energy
at the equilibrium nearest neighbor distance.
FIG. 3. Cohesive energy of graphite as a function of the c/a
ratio. Energy at zero is set to the minimum energy predicted
by MEAM.
Energy variation with respect to volume or nearest
neighbor distance is considered an important test of va-
lidity for interatomic potentials. Here we present the en-
ergy vs. volume curves generated by the single element
potential for Fe and energy vs. nearest neighbor distance
curves generated by the single element potential for C.
Fig. 1 shows the energy vs. volume curve for bcc Fe in
comparison with curves generated by DFT calculations
as well as using experimental data. It is well known that
DFT overestimates the cohesive energy.26 Therefore, the
DFT curve is shifted vertically by a constant amount
to the experimental cohesive energy at the equilibrium
volume to aid the comparison of the curves. Due to
overbinding, the DFT’s prediction for the equilibrium
volume is underestimated.27 Therefore, the DFT curve
sits to the left of the experimental curve. The experi-
mental curve was generated through Rose’s equation of
state28 (Eq. (1)) using the experimental bulk modulus,
cohesive energy, and atomic volume at equilibrium listed
in Table II. We also tested the stability of Fe in several
different crystal structures including body-centered cu-
bic (bcc), face-centered cubic (fcc) and hexagonal closed
packed (hcp) structures as shown in Fig. 1. The Fe
MEAM potential correctly predicts that bcc is the most
stable structure, as observed in experiment and by the
first-principles methods. MEAM predicts that fcc and
hcp Fe are much closer in energy and have a larger vol-
ume than that calculated from DFT.
The single-element MEAM potential for C predicts
both diamond and graphite to be stable structures. En-
ergy vs. nearest neighbor distance curves for diamond
and graphite are shown in Fig. 2. The experimental
curves were constructed from Rose’s equation of state28
(Eq. (1)) using the experimental bulk modulus, cohesive
energy, and nearest neighbor distance at equilibrium, as
listed in Table II. MEAM predictions for diamond are
in good agreement with experiment. MEAM predicts
almost degenerate cohesive energies for graphite and di-
amond, while DFT predicts graphite to be ∼ 0.1 eV more
stable than diamond. For graphite, DFT predicts a first-
nearest neighbor (1NN) distance in good agreement with
experiment, while MEAM predicts a 1NN distance ∼ 3%
greater than the experimental value. The experimen-
tal ratio between lattice parameters c and a in graphite
(hereafter referred as c/a ratio) is 2.725.29 MEAM op-
timized the c/a ratio of the graphite structure to 3.35.
The disagreement between experimental and MEAM val-
ues for c/a ratio is due to the incorrect prediction of in-
terlayer interaction of graphite, which is dominated by
van der Waals forces that are not described by MEAM.
However, the dependence of cohesive energy on the c/a
ratio is small. Fig. 3 shows the change in energy as c
is varied while keeping a at the MEAM optimized value.
According to Fig. 3, the difference in cohesive energy of
graphite between the experimental and MEAM c/a ratio
is ∼ 4 meV/atom. In constructing the energy vs. nearest
4neighbor distance curves for graphite, the inter-planar
distance was scaled with the lattice constant. The ex-
perimental ratio was used in the generation of the DFT
curve, while the MEAM curve was constructed with the
predicted c/a ratio.
2. Single element material properties
The cohesive energy, equilibrium lattice constants, and
bulk moduli for bcc Fe, graphite, and diamond were de-
termined by fitting Rose’s equation of state28
Eui (R) = −E0i
(
1 + a∗ + a3
a∗3
R/R0i
)
e−a
∗
(1)
a∗ = αi
(
R
R0i
− 1
)
(2)
α2i = 9BiΩi/E
0
i (3)
to the energy vs. nearest neighbor distance/volume
curves generated by MEAM. R0i is the equilibrium near-
est neighbor distance, E0i is the cohesive energy, Bi is
the bulk modulus, Ωi is the equilibrium atomic volume
and a3 is the coefficient of the cubic term. a3 is set
to zero when fitting to energy vs. nearest neighbor dis-
tance/volume curves generated by MEAM. The single
element material properties compared to experimental
values are given in Table II.
TABLE II. Material properties predicted by the single
element MEAM potentials. Ec is the cohesive energy
(eV/atom); a and c are the equilibrium lattice constants (
◦
A);
B is the bulk modulus (GPa); and Ω0 is the equilibrium
atomic volume (
◦
A3/atom). Experimental data are given in
parentheses. Experimental values for equilibrium atomic vol-
ume were calculated from the experimental lattice parame-
ter(s).
Property bcc Fe diamond graphite
Ec −4.28 (−4.28a) −7.37 (−7.37c) −7.369 (−7.374d)
B 175 (166-173b) 443 (443c) 176 (286d)
a 2.86 (2.86b) 3.567 (3.567c) 2.53 (2.461d)
c — — 8.476 (6.709d)
Ω0 11.64 (11.70) 5.67 (5.67) 11.75 (8.80)
a Ref. 30 as reported by Lee et al.16
b As reported by Lee et al.16
c Refs. 31 and 32 as reported by Fahy et al.33
d Refs. 34 and 35 as reported by Yin et al.29
IV. CONSTRUCTION OF FE–C ALLOY
POTENTIAL
Table III lists the parameters in the 2NN MEAM po-
tential for Fe–C alloy system optimized by following the
general framework developed by Tschopp et al.36 The
framework consists of two stages. The first stage, called
the Global Approach (GA), is a coarse refinement of the
parameter space of the MEAM potential, which initial-
izes the MEAM potential parameters and performs a sen-
sitivity analysis for the parameters. The second stage,
called the Local Approach (LA), evaluates the sensitive
parameters sampling the parameter space with a strat-
ified sampling method and generates analytical models
for design optimization of the potential.
In the GA stage, a coarse refinement of the parameter
space is performed using a partial set of the properties
in the objective function including: the heats of forma-
tion of cementite, Fe3C in L12 structure and FeC in B1
structure, and the interstitial energies of C in the bcc
Fe lattice at octahedral and tetrahedral positions. The
potential parameters were initialized as specified by the
MEAM formulation.1,3 α defined by Eq. (3) and re (equi-
librium nearest neighbor distance) are determined by the
reference structure properties. For the present case, FeC
in L12 structure is used as the reference structure and the
values predicted by DFT are used to set α and re since
experimental values are not available for this hypothet-
ical structure. Parameters α and re remain unchanged
throughout the optimization process since they are de-
fined by the MEAM formulation. Next, a sensitivity
analysis was performed to evaluate the influence of each
parameter on the properties. This step helps identify pa-
rameters with the most significant effect on the selected
target properties of the Fe–C system. By identifying the
parameters that have the most influence on the proper-
ties of the Fe–C system we are able to reduce the number
of parameters to be included in the later stages. For the
present case, the GA stage identified five parameters—∆,
a3, ρ0(C), Cmin(Fe,Fe,C), and Cmin(C,C,Fe)—to be suf-
ficiently sensitive to be further explored in the LA stage
of the optimization. Parameters that are deemed insen-
sitive are fixed at the default values recommended in the
MEAM formulation.
The LA stage of the potential optimization proce-
dure involves sampling the bounded potential parame-
ter space, generating analytical models that represent
the nonlinear correlations between the potential param-
eters, and using an objective function to converge on
the required parameterization of the potential. A strat-
ified random sampling method known as Latin Hyper-
cube Sampling (LHS)37 was used to sample the potential
parameter space with 4000 different potential parameter
combinations. The set of properties chosen for the Fe–C
system are calculated for each parameter combination.
This is the most computationally-intensive step of the
potential fitting process. Using the data from the param-
eter space sampling step, analytical models representing
the relationship between potential parameters and the
selected target properties are generated. This is done
by fitting higher-order polynomial regression models to
the sampled data. The analytical models represent a re-
sponse surface for the sensitive potential parameters. At
this stage of the optimization an objective function repre-
5TABLE III. The optimized parameters in the 2NN MEAM
potential for Fe–C alloy system. The triplet (A,B,C) rep-
resents the configuration with C atom in between A and B
atoms. The B1 lattice is chosen as the reference structure.
Parameter Value
∆ 0.002
re 1.92
rcut 4.5
α 4.75
a3 0.125
ρ0(Fe) 1.0
ρ0(C) 5.49
Cmax(Fe,Fe,C) 2.8
Cmax(Fe,C,C) 2.8
Cmax(Fe,C,Fe) 2.8
Cmax(C,C,Fe) 2.8
Cmin(Fe,Fe,C) 0.06
Cmin(Fe,C,C) 2.0
Cmin(Fe,C,Fe) 2.0
Cmin(C,C,Fe) 0.5
senting all of the interested properties of the Fe–C system
is introduced. The objective function is constructed by
combining the weighted differences between the MEAM
predicted values and the target values of the chosen prop-
erties. Target values are set to experimental values when
available or DFT values otherwise. Then a constrained
nonlinear optimization procedure is used to evaluate the
analytical models by minimizing the objective function.
The properties included in the objective function are
the properties of cementite (equilibrium lattice parame-
ters and volume, heat of formation, elastic constants, and
surface formation energies); properties of Fe3C in L12
structure (heat of formation and equilibrium volume);
properties of FeC in B1 structure (heat of formation,
equilibrium volume and elastic constants) and interstitial
defect energies of C in the bcc Fe lattice at octahedral
and tetrahedral positions. The weighting factors of the
objective function balance the trade-offs in potential op-
timization. The purpose of the present work is to model
the properties of cementite while reproducing the Fe–C
alloy system properties to an acceptable accuracy. This
is realized by choosing weighting factors in a way that ce-
mentite properties were prioritized first, then the intersti-
tial defect energies, and then the properties of hypothet-
ical structures B1 and L12. By varying the weights, the
objective function is changed and the constrained non-
linear optimization procedure can traverse the response
surface represented by the analytical models to obtain a
final set of potential parameters. For each set of weight-
ing factors a potential is generated. By using a matrix of
weighting factors with the required prioritization of the
target properties, we were able to minimize the objec-
tive function and arrive at the set of optimal potential
parameters in Table III. The optimized potential is then
validated by predicting material properties that were not
used in the optimization procedure. We used the melting
temperature of cementite to validate the potential and its
prediction is explained in Sec. VIII. Table IV shows the
material properties predicted by the present MEAM po-
tential compared with DFT/experimental data and the
values from other existing potentials.
V. STRUCTURAL AND ELASTIC
PROPERTIES OF CEMENTITE
Structural properties of cementite including the equi-
librium lattice parameters, the equilibrium volume per
atom, and the heat of formation are presented in Ta-
ble IV with comparison to DFT/experiment, and other
interatomic potentials. Our prediction of the heat of
formation of cementite is in good agreement with DFT
and experimental data. Lee’s and Henriksson’s potentials
also predict values in good agreement with DFT and ex-
periment, while Ruda’s potential predicts a much larger
value. Lattice constants of the present MEAM and lit-
erature potentials4,8,12 agree well with experiment, while
DFT predicts lower values. As a test of validity, the
variation of cohesive energy with volume was calculated.
Fig. 4 compares the energy vs. volume curves for cemen-
tite generated by the present MEAM potential with DFT
and experimental curves. During volume variation of ce-
mentite, the ratios between a, b and c lattice parameters
were held constant. As noted before, DFT overestimates
the cohesive energy and underestimates the equilibrium
volume. Therefore, the DFT curve sits to the left of the
experimental curve, and it is shifted vertically to the ex-
perimental cohesive energy at the equilibrium volume to
aid the comparison. The experimental curve was gener-
ated by Murnaghan’s equation of state35,46
E (V ) = E(V0) +
B0V
B′0(B
′
0 − 1)
×
[
B′0
(
1− V0
V
)
+
(
V0
V
)B′0
− 1
]
. (4)
with the experimental bulk modulus B0
40, it’s derivative
B′0
40, volume V0
43, and cohesive energy E(V0).
6 The ex-
perimental single-crystal bulk modulus of cementite has
not yet been determined; therefore, the polycrystalline
bulk modulus of cementite was used to generate the ex-
perimental curve.
A. Single-Crystal Elastic Properties
The elastic moduli of cementite were calculated and
compared to DFT and the interatomic potentials by
Ruda et al.,12 and Henriksson et al.8 as presented in
Table IV. They were calculated using the deformation
matrix presented in Jiang et al.39 In linear elastic theory,
deformation energy is a function of strain. Distortion
energies (∆E) calculated for strains (δ) equal to ±0.5%
were fitted to ∆E = k2δ
2 + k3δ
3. DFT calculations
6TABLE IV. Comparison of the present MEAM potential with DFT/experimental data and potentials by Lee4, Ruda et al.12
and Henriksson et al.8 ∆Hf is the heat of formation, Ω0 is the equilibrium volume, B is polycrystalline bulk modulus, G is
polycrystalline shear modulus, Y is polycrystalline Young’s modulus and ν is polycrystalline Poisson’s ratio.
Properties DFT/Expt. MEAM Lee4 Ruda12 Henriksson8
Cementite
∆Hf (eV/atom) 0.01 (0.05
a) 0.06 0.02i,-0.015j 0.18 0.03
Ω0 (
◦
A3/atom) 9.56b (9.67l) 9.49 9.50 9.11 9.33
Lattice parameters (
◦
A)
a 5.06b (5.08l) 5.05 5.16 5.14 5.09
b 6.70b (6.73l) 6.69 6.32 6.52 6.52
c 4.51b (4.52l) 4.49 4.66 4.35 4.50
Elastic constants (GPa)
C11 388
c 322 263 363
C22 345
c 232 219 406
C33 322
c 326 247 388
C12 156
c 137 176 181
C23 162
c 118 143 130
C13 164
c 170 146 166
C44 15
c 17 77 91
C55 134
c 103 95 125
C66 134
c 64 123 134
Polycrystalline moduli
B (GPa) 224 (174±6d) 188 183 234
G (GPa) 72 (74e) 56 69 114
Y (GPa) 194 (177f, 196g,200e) 153 184 293
ν 0.36 (0.36e) 0.36 0.33 0.29
Surface energies (J/m2)
E(001) 2.05
h 2.05 1.96
E(010) 2.26
h 1.80 2.00
E(100) 2.47
h 2.01 2.34
Interstitial Energies (eV)
ETetrahedral 2.14 1.76 2.08 1.50
EOctahedral 1.25 1.55 1.81 1.18
Hypothetical structures
∆Hf B1 (eV/atom) 0.53 0.002
Ω0B1 (
◦
A3/atom) 7.97 7.08 8.49
∆Hf L12 (eV/atom) 0.72 0.66
Ω0L12 (
◦
A3/atom) 10.27 10.05
B1 elastic constants (GPa)
C11 601 566 550
k
C12 589 213 228
k
C44 83 145 33
k
a Meschel et al.6
b Shein et al.38
c Data from relaxed calculations done by Jiang et al.39
d Li et al.40
e Laszlo et al.41
f Mizubayashi et al.42
g Umemoto et al.43
h Chiou et al.44
i B.-J Lee4
j Fang et al.5
k Private communication with B.-J. Lee
l Wood et al.45 as cited by Shein et al.38
7FIG. 4. Comparison of energy vs. volume curves for cemen-
tite. The dashed-line curve is constructed from experimental
values of the cohesive energy, equilibrium volume and poly-
crystalline bulk modulus, of cementite. For comparison, the
DFT curve is shifted vertically to the experimental cohesive
energy at the equilibrium volume.
were performed for δ = ±2%.39 The single-crystal elas-
tic constants were obtained using the relationships for
the quadratic coefficient k2 listed in Jiang et al.
39 These
results show that the present MEAM potential for Fe–
C alloy predicts cementite to be stable (positive elastic
constants) and their values are reasonably close to those
predicted by DFT. Specifically, the present MEAM po-
tential reproduces the low value of c44 reported by DFT,
which none of the other interatomic potentials were able
to do (MEAM c44 of 17 GPa vs DFT c44 15 GPa).
B. Polycrystalline Elastic Properties
Theoretical upper and lower bounds for the polycrys-
talline bulk modulus (B) and shear modulus (G) were
calculated using the single-crystal elastic constants ac-
cording to methods by Reuss and Voigt.39,47 The poly-
crystalline B and G were then estimated using Hill’s
average.39,48 Young’s modulus (Y ) and Poisson’s ratio
(ν) were calculated by using:39
Y = 9BG/(3B +G) (5)
ν = (3B/2−G)/(3B +G). (6)
Polycrystalline elastic moduli predicted by the present
MEAM potential are presented in Table IV, in compar-
ison with DFT, experiment, and interatomic potentials
by Ruda et al.,12 and Henriksson et al.8 The elastic con-
stants predicted by DFT are in good agreement with ex-
periment. The present MEAM potential gives the best
agreement with experiment among the three interatomic
potentials for B and ν; the present MEAM predicts the ν
value equal to the experimental value. Ruda’s potential
predicts the best agreement with experiment for G and
Y .
C. Surface Energies
Calculations were performed on (001), (010), and (100)
surfaces to determine the surface formation energy. Ta-
ble IV compares the surface formation energies of the
present MEAM to DFT44 and the interatomic poten-
tial by Ruda et al.12 The atoms near the surfaces are
fully relaxed to allow reconstruction if necessary. The
predicted surface energies have the same order of magni-
tude as DFT results. However, the present MEAM gives
a wrong order of stability among the three surfaces.
VI. INTERSTITIAL ENERGIES
The interstitial point defect formation energy Eintf is
given by
Eintf = Etot[N +A]− Etot[N ]− A (7)
where the total energy of a system with N (Fe or C)
atoms is Etot[N ] and Etot[N + A] is the total energy of
a system with N atoms plus the inserted atom A (Fe or
C), and A is the total energy per atom of type-A in its
most stable bulk structure. In this case, we considered
interstitial defects of C atoms in a Fe bcc lattice. Intersti-
tial defect formation energies of C at the octahedral and
tetrahedral positions of the Fe bcc lattice were calculated.
The results are presented in Table IV with comparison
to DFT results, and to other interatomic potentials. The
present MEAM potential predicts the octahedral defect
to be the most stable in agreement with DFT results.
However, the difference between two defect energies is
smaller compared to that of DFT.
VII. PROPERTIES OF HYPOTHETICAL
CRYSTAL STRUCTURES
Heat of formation of Fe–C in B1 crystal structure and
L12 crystal structure as well as their equilibrium volumes
are also presented in Table IV. The heat of formation of
B1 is unusually low compared to DFT results. B1 is
the reference structure of the Fe–C alloy potential and
its heat of formation is defined by the ∆ parameter of
the potential. The ∆ parameter also has a large effect
on the heat of formation of cementite and thereby to its
structural and elastic properties. Heat of formation of B1
and L12 were used as target properties in the GA stage of
the potential construction process. However the heat of
formation of these two structures were weighted far less
in the construction of the objective function for obtaining
the final potential parameters as compared to properties
of cementite. This caused the ∆ parameter to have a
low value to reproduce overall cementite properties with
greater accuracy. This should not pose a serious problem
since B1 is a hypothetical structure.
81. Energy vs. volume curves for B1 and L12 structures
The cohesive energy of Fe–C in the B1 and L12 crystal
structures as a function of the atomic volume is shown
in Figs. 5 and 6, respectively. For the B1 structure, the
present MEAM potential predicts an atomic volume ∼
11% less, and a bulk modulus ∼ 0.3% less than DFT.
The MEAM prediction for the L12 structure gives an
atomic volume ∼ 11% greater, and a bulk modulus 35%
less than DFT. As mentioned earlier, DFT overestimates
the cohesive energy. Therefore, to aid the comparison
in these figures, the DFT curves are shifted vertically
by constant amounts to the MEAM-predicted cohesive
energies at the equilibrium nearest neighbor distances.
FIG. 5. Comparison of the energy vs. volume curves of Fe–C
alloy system in the B1 structure. DFT curve is shifted ver-
tically to the MEAM-predicted cohesive energy at the equi-
librium nearest neighbor distance to aid the comparison with
the MEAM curve.
2. Elastic constants of FeC in the B1 crystal structure
Elastic constants of Fe–C in the B1 crystal structure
were calculated using the Fe–C MEAM potential and are
listed in Table IV in comparison with DFT calculations
and the interatomic potential by Lee.4 They were calcu-
lated using the deformation matrix presented by Jiang
et al.39 Distortion energies (∆E) calculated for strains
(δ) equal to ±0.1% were fitted to ∆E = k2δ2 + k3δ3.
The result from the present work for C11 compares rea-
sonably well with the DFT result. C12 is predicted at a
lower value than DFT, but it is in the same order of mag-
nitude. MEAM prediction of C44 is significantly larger
than the DFT result.
FIG. 6. Comparison of the energy vs. volume curves of Fe–C
alloy system in the L12 structure. DFT curve is shifted verti-
cally to the MEAM-predicted cohesive energy at the equilib-
rium nearest neighbor distance aid the comparison with the
MEAM curve.
VIII. THERMAL PROPERTIES OF
CEMENTITE
A. Thermal stability of cementite
The stability of cementite at high temperatures was
investigated through molecular dynamics (MD) simula-
tions in a canonical (NVT) ensemble from temperatures
ranging from 300 K to 1400 K. At the end of these MD
simulations, cementite retained its crystalline structure,
affirming its stability at high temperatures. The present
Fe–C MEAM potential was also used to predict sev-
eral thermal properties of cementite. In this section, we
present calculations for predicting melting temperature
and variation of specific heat and volume of cementite
with respect to temperature.
B. Melting temperature simulation
Cementite does not have a well-defined melting tem-
perature due to its metastable nature.8 Experimentally,
cementite decomposes to ferrite (bcc Fe) and graphite if
heated for between 923 K and 973 K for several years.7
The Fe–C phase diagram also has well-defined eutectic
point at 1420 K,7,49 where liquid consisting of Fe and
C austenite (fcc Fe) and cementite co-exists in equilib-
rium. Above 1420 K the phase diagram for cementite
is determined through mathematical calculations.49 For
the purpose of this calculation, we considered the melting
temperature of cementite to be the temperature when ce-
mentite loses its crystal structure and becomes a random
collection of Fe and C atoms. The melting temperature
calculation can be done using a single-phase simulation
box. However, the single phase method generally overes-
9timates the melting temperature due to the lack of the
interface effects.50 To avoid this superheating problem
and predict the melting temperature more accurately, we
used a two-phase simulation box that contains both solid
and liquid phases.
1. Preparation of two-phase simulation box
We performed two-phase simulations (TPS) in the
isothermal-isobaric (NPT) ensemble to determine the
melting temperature of cementite. The simulation box
contained both solid and liquid phases of cementite. First
a supercell containing 14 × 7 × 7 unit cells of cementite
(10976 atoms) was heated via MD runs in the NPT en-
semble with T = 1200 K and P = 0. Next, one half
of the atoms in the supercell were fixed in their posi-
tions and MD runs were carried out for the other half in
the NPT ensemble with a sufficiently high temperature
(such as T = 4000 K) and P = 0 to create a liquid phase.
The resulting supercell was then subjected to MD runs
in the NPT ensemble with T = 1500 K (which is higher
than the expected melting temperature) and P = 0, still
keeping the same half of the atoms fixed. The result of
this process was a supercell containing solid cementite at
1200 K in one half, and liquid cementite at 1500 K in
the other. This ensures a minimum difference of stress
between atoms in liquid and solid phases of the super-
cell. This supercell was then used in the simulations of
solidification and melting of cementite.
2. Two-phase simulation
The two-phase supercell prepared in the previous sec-
tion was heated by MD runs in the NPT ensemble where
the temperature T was increased from 1000 K to 1500 K
in 100 K intervals. Each system ran for 1.6 ns of simu-
lation time at a time step of 2 fs. The phase change of
the two-phase simulation box was visually monitored. At
1400 K the solid phase of the simulation box progressed
to occupy the entire box. In comparison, at 1500 K the
liquid phase of the simulation box progressed to occupy
the entire box. Next, the initial two-phase simulation box
was heated from 1400 K to 1500 K in 10 K intervals us-
ing NPT MD runs. Each system was equilibrated for at
least 5× 106 time steps totaling to 10 ns. The final state
of the system was visually inspected. If the final state
appeared to have both liquid and solid phases, more MD
runs were performed until the final state of the super-
cell contained only one phase. Some systems required as
much as 32 ns of MD runs to arrive at a single phase.
The transformation of the two-phase simulation box to
a one-phase simulation box near the predicted melting
temperature is presented in Fig. 7 and Fig. 8. The total
energy, volume, and pressure of the systems were deter-
mined through averaging the values of the final 40 000
time steps (80 ps) of each simulation.
In Fig. 9 we plot the total energy, volume, specific
heat, and the derivative of volume as functions of tem-
perature. Experimental data for specific heat and vol-
ume are not available for the 1400-1500 K temperature
range. Available experimental data are the heat capac-
ity of 3.6 kB/atom at 1023 K,
51, and the experimental
volume of 10
◦
A3/atom at 1070 K.52 Specific heat and vol-
ume determined by Dick et al. from the first-principles
calculations53 done on the solid phase of cementite are in-
cluded for comparison in Figs. 9(b) and (c). Since Dick
and coworkers used a single-phase simulation box, their
simulation clearly shows superheating causing the melt-
ing temperature to be overestimated. This can be at-
tributed to the absence of the solid-liquid interface in
single phase simulations. In Fig. 9(c) the specific heat
shows a peak between 1420 K and 1430 K. Therefore
we assign 1425 ± 5 K as the melting temperature of ce-
mentite. This is a reasonable prediction compared to
experimental eutectic point at 1420 K.7,49
IX. SUMMARY AND CONCLUSION
In this study, we investigated the properties of cemen-
tite using an interatomic potential developed within the
MEAM formalism. Previously developed single-element
interatomic potentials for Fe and C were used to develop
the Fe–C alloy MEAM potential. The single-element po-
tential for C predicts graphite and diamond as stable
structures with nearly degenerate energies. MEAM po-
tentials for pure elements predict the heat of formation,
bulk moduli, and lattice constants of Fe and C in their
natural crystal structures in good agreement with experi-
mental data. The alloy potential for the Fe–C system was
developed primarily to reproduce structural and elastic
properties of cementite. Secondarily, the interstitial en-
ergies of C in bcc Fe, as well as heats of formation of Fe–C
alloys in B1 and L12 structures were included with less
weighting factors. The constructed potential was used
to predict structural, elastic, and thermal properties of
cementite. Structural properties tested included the heat
of formation, the equilibrium lattice constants, the equi-
librium volume, and the energy variation with respect
to volume. MEAM predictions are in good agreement
with DFT and experiment. Nine single-crystal elastic
constants were calculated and used to estimate polycrys-
talline bulk modulus, shear modulus, Young’s modulus,
and Poisson’s ratio of cementite. Surface energies for
(001), (010), and (100) surfaces were also calculated and
compared. The potential was validated by predicting the
thermal stability of cementite, its melting temperature
and the variation of specific heat and volume of cementite
with respect to temperature by two-phase (solid/liquid)
MD simulations. The present MEAM potential predicted
the melting temperature of cementite to be 1425± 5 K.
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FIG. 7. (Color online) Snapshots of the two-phase MD simulation in the NPT ensemble with T = 1420 K and P = 0. Red
spheres are Fe atoms and blue spheres are C atoms. (a) Initial state of the simulation box, which contains both liquid and
solid phases of cementite. (b) Intermediate state of the simulation box at 16 ns, as the solid phase propagates to the liquid
phase. (c) Final state of the simulation box at 32 ns, when the entire system has turned into a solid phase.
FIG. 8. (Color online) Snapshots of the two-phase MD simulation in the NPT ensemble with T = 1430 K and P = 0. Red
spheres are Fe atoms and blue spheres are C atoms. (a) Initial state of the simulation box, which contains both liquid and solid
phases of cementite. (b) Intermediate state of the simulation box at 20 ns, as the liquid phase propagates to the solid phase.
(c) Final state of the simulation box at 30 ns, when the entire system has turned into a liquid phase.
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